In order to grasp the possibility of evaluating shear properties for solidified lubricants under high pressure, plastic deformations of metal micro-spheres (about 0.07mm) in solidified lubricants were evaluated by employing a diamondanvil pressure cell (DAC). Large deformations (2-5 times larger than the original sphere dimensions) were observed for CVT oil and ester oil up to 6 GPa at 23-25 . Deformation ℃ starting pressure agreed with the solidified pressure. These deformations were caused by the non-hydrostatic pressure in the solidified lubricants. Shear stresses of the solidified lubricants were tentatively and roughly estimated from the plastic deformations of the spheres based on some assumptions. They almost agreed with the mean shear stress (traction force / hertzian contact area) from traction test.
INTRODUCTION
Maximum hertzian contact pressure in rolling bearings and traction CVT of automobiles often exceeds 3 GPa at which lubricants such as traction oils seem to behave like solid. Therefore, shear resistance (stress) appears in response to shear strain even under quasi-static condition, which may brings about power loss and limits force-transmitting capacity in such machine elements. H glund et al. evaluated shear stress of ö solidified lubricant up to around 2 GPa [1] . Nakamura et al. have been applying a diamond-anvil cell (DAC) for the evaluation of lubricant rheology over solidified pressure of lubricants. In the present study, to grasp the possibility of evaluating shear properties for pressurized solidified lubricants, plastic deformations of metal micro-spheres in the lubricants are evaluated at 23-25 under several different conditions ℃ by employing a DAC. Shear stresses of the solidified lubricants are roughly estimated from the plastic deformations of the spheres based on some assumptions, and are compared with the mean shear stress from traction test.
EXPERIMENTAL
A DAC was employed for generating high pressure as shown in Fig. 1 . The pressure was generated by compressing a pressure chamber drilled ( 0.4 or 0.5) in a metal sheet gasket φ (Cu, PCu(main) or BeCu) between opposed diamond anvils. A sample lubricant, metal spheres with a diameter of about 70 φ m (Cu(main), Al or Au) and ruby fragments as pressure μ sensors occupy the space within the pressure chamber. 2 or 3 spheres and rubies were positioned at different places in the chamber (near center or near wall) for the evaluation of the position depending feature of the sphere deformation and ruby pressure. Lubricants were KTF1(traction CVT oil) and DOS (dioctylsebacate) whose solidified pressure was extrapolated to be about 0.5 GPa and 2.6 GPa, respectively, from high-pressure viscosity. Each experiment is denoted by the lubricant name with experimental number and gasket material in parenthesis (e.g. KTF1(9PCu), DOS(1BeCu)).
RESULTS AND DISCUSSIONS
Figures 2 and 3 show some of the pressure chamber observations at [23] [24] [25] . Spheres and chamber size of all the ℃ experiments at atmospheric pressure were similar to Fig.2 (a) .
represents mean pressure between two rubies in the pressure P chamber. In Fig.2 (b) , large deformations (4 or 5 times larger than the original dimensions) of Cu spheres are seen for KTF1(9PCu) at 4.60 GPa. The sphere deformations for KTF1 (6PCu) in Fig.3 (a) are smaller than those for KTF1 (9PCu), and those for DOS(1BeCu) in Fig.3 (b) are rather small. Other metal spheres (Al, Au) were deformed larger than Cu spheres. Sphere surface roughness remained that before pressurization, which proved no contact between spheres and diamonds and the deformations were caused by the non-hydrostatic pressure (shear resistance appeared) in the solidified lubricants. Figure 4 shows pressure differences (c)-(w), where (c) P P P and (w) represent the pressure of rubies locating near the P center of the pressure chamber and that near the wall, respectively. Pressure differences become large over 3 GPa for PCu gasket and over 1.5 GPa for Cu gasket, which implies that their features depend on the strength of gasket material. Assuming axisymmetric linear pressure distribution in the lubricant-solidified pressure chamber, the pressure of the sphere position s was estimated. Moreover, the spheres were P assumed to be deformed into the compressed spheroids and taking their 3 axes for principal strain directions of plastic deformation (thickness strain from volume constancy), equivalent strains were calculated.
eq Shear stresses of the solidified lubricants near the spheres were tentatively and roughly estimated from plastic deformations of Cu spheres based on the following assumptions.
(1) Equivalent stress of Cu sphere = , where and eq eq F F ･ n are taken to be 0.506 GPa and 0.446, respectively, from n uniaxial tensile test. 3 principal deviatoric stresses are derived from plastic deformation theory.
(2) Strain and stress states of the solidified lubricant near the deformed sphere are the same as those of the sphere.
Maximum principal shear stresses were obtained with 1 Mohr's circle and are shown in Fig. 5 against s. appearing P 1 pressure agrees with the estimated solidified pressure 0.5 GPa for KTF1 and 2.6 GPa for DOS. Some differences among the experiments are due to the different experimental conditions. KTF1(11Cu) and KTF1(9PCu) show the largest within the 1 1 pressure range up to 3 GPa and over 3 GPa, respectively. almost agrees with the mean shear stress (traction force / t hertzian contact area) from traction test [2] . However, for appropriate stress evaluation, and in the assumption (1) for n F large deformation (up to 2.5 of ) might be investigated.
eq
